Src family nonreceptor protein tyrosine kinases regulate many essential processes involved in cellular growth and differentiation. All of the Src enzymes are distinguished by a characteristic arrangement of catalytic and noncatalytic domains. The tyrosine kinase domain of Src is flanked on the N-terminal end by two adaptor domains, the SH2 1 and SH3 domains. The regulation of the catalytic activity of Src has been widely studied, and it is now clear that a ubiquitously expressed nonreceptor protein tyrosine kinase, the C-terminal Src kinase (Csk), serves as the principal effector (1, 2) . Csk phosphorylates a single residue in the C-terminal tail of Src (Tyr-527), an event that down-regulates catalytic activity. Xray studies demonstrate that the phosphorylated tail of Src interacts with the SH2 domain, inducing a "closed" conformation of the enzyme (3) (4) (5) . Curiously, although C-terminal phosphorylation causes dramatic effects on the activity of Src, it is still unclear how this intramolecular interaction influences the active site. Whereas Csk shares the same configuration of homologous SH2, SH3, and catalytic domains, it lacks a Cterminal tail sequence and is not regulated in the same manner as Src. X-ray data indicate that the SH2 domain in Csk docks to the small lobe of the kinase domain rather than to the large lobe as in Src (6) . These differences in topology also lead to different roles for the SH2 domain. Although the SH2 domain in Src is associated with catalytic repression, this domain enhances catalysis by approximately two orders of magnitude in Csk (7) .
Information transfer in the cell involves many different protein kinases, adaptor/scaffolding proteins, and subcellular structures that function cooperatively in large signaling complexes (8, 9) . Therefore, investigations into protein-protein interactions are necessary for understanding how these sophisticated networks provide communication over defined spatial constraints. Whereas the biomolecular interaction between protein kinases and their target substrates is fundamentally important in understanding communication cascades, there is currently no three-dimensional structure of a kinase with a full-length protein substrate bound. Such a structure would be useful for determining how protein kinases use residue contacts both in and outside the active site to bind and phosphorylate proteins. Although high resolution x-ray structural data are not yet available, other studies have suggested that regions outside the active site play an important role in substrate recognition. For example, deletion analyses reveal that the interaction of Src with Csk relies only on residues within the Src kinase domain, suggesting that the SH2 and SH3 domains do not provide a binding surface for Csk (10) . On the other hand, detailed mutagenesis studies have shown that several residues in helix ␣D of the Csk kinase domain offer critical binding determinants for Src recognition (11) .
Csk efficiently phosphorylates the C terminus of Src, displaying a reported K m of 1-5 M (10 -12). Comparatively, a 20-residue peptide based on the C-terminal tail of Src is very poorly phosphorylated with a K m value that is ϳ100-fold larger than that for the full-length protein substrate (13) . Such observations suggest that docking regions beyond the perimeter of the Csk active site, such as those in helix ␣D, assist in the recognition of physiological protein substrates (11) . Whereas some structural evidence has been uncovered in several cases (14, 15) , what still remains unclear is how these docking regions promote low K m values relative to peptide substrates. Previously, we showed that the yeast protein kinase Sky1p efficiently phosphorylates the RNA carrier protein, Npl3, in yeast using a chemical clamping mechanism (16) . In this mechanism, the added recognition sites offered by the protein substrate are used to facilitate a rapid and highly favorable phosphoryl transfer step rather than selectively promote high affinity protein-protein interactions. This chemical step then serves to lower the K m well below the K d by prompting the conversion of substrate bound molecules to product. The avoidance of high affinity protein-protein interactions also optimizes substrate turnover by facilitating product release.
Could chemical clamping provide a general mechanism for substrate recognition within the protein kinase family? To examine this intriguing possibility, we studied the phosphorylation of Src by its principal regulator, Csk. Using fast-mixing techniques (rapid quench and stopped-flow fluorescence), we identified several key steps in the phosphorylation mechanism. Based on pre-steady-state and single turnover kinetic experiments, Csk phosphorylates Src using a pathway that is not limited by the direct transfer of the ␥ phosphate of ATP to the C terminus. The observation of fast ADP release in trapping experiments suggests that slow conformational changes may limit overall Src turnover. Through the identification of the phosphoryl transfer step, a lower limit on the real thermodynamic affinity (K d ) of Src and Csk could be established. The data indicate that the K m for Src is considerably lower than the K d because of the rapid phosphoryl transfer step. Csk does not utilize high affinity interactions that may be afforded through docking regions to stabilize the enzyme-substrate complex. Rather, the enzyme efficiently recognizes Src by utilizing these docking regions for the stabilization of the phosphoryl transfer step, a key hallmark of the chemical clamping mechanism.
EXPERIMENTAL PROCEDURES
Materials-ATP, ADP, MOPS, MgCl 2 , KCl, acetic acid, DE52 resin, and liquid scintillant were obtained from Fisher Scientific. Mant-ATP and Mant-ADP were purchased from Molecular Probes. [␥-32 P]ATP was obtained from PerkinElmer Life Sciences.
Protein Purification-Full-length human Csk with a polyhistidine tag attached to the C terminus was expressed in Escherichia coli strain BL21(DE3) and purified with a Ni 2ϩ -agarose column according to a previously published procedure (17) . A mutant form of chicken Src lacking the first 82 residues and possessing a lysine-to-methionine substitution at position 295 (kdSrc) was coexpressed with GroEL/ES chaperonin proteins in E. coli strain BL21(DE3) and purified using a Ni 2ϩ -agarose column according to a previously published procedure (11) . Csk and kdSrc were determined to be pure by 12% SDS-PAGE. Csk concentrations were determined by the method of Gill and von Hippel (18) . The concentration of kdSrc was determined by complete turnover experiments using catalytic amounts of Csk and excess [ 32 P]ATP. Both Csk and kdSrc were stored at Ϫ80°C in 10 mM Tris, pH 8, 100 mM KCl, and 1 mM dithiothreitol.
Steady-state Kinetic Assays-Steady-state kinetic assays for Csk were determined using kdSrc as a substrate in the presence of 100 mM MOPS, pH 7.0, 100 mM KCl, 10 mM free Mg 2ϩ , and 0.5 mM [␥-
32
P]ATP (400 -600 cpm pmol Ϫ1 ). Assays were typically initiated by the addition of Csk to a mixture of kdSrc, MgCl 2 , and ATP at 25°C. The reaction mixtures (20 l) were quenched with 30% acetic acid (180 l). A portion of each reaction (180 l) then was applied to DE 52 columns (3 ml of resin) and washed with 5 ml of 30% acetic acid. The collected flowthough containing phosphorylated substrate then was counted on the 32 P channel in liquid scintillant. Control experiments were performed to determine the background phosphorylation (i.e. phosphorylation of kdSrc in the presence of quench). The specific activity of [␥-32 P]ATP was determined by measuring the total counts of the reaction mixture. The time-dependent concentration of phosphorylated kdSrc then was determined by considering the total counts per minute of the flow-though, the specific activity of the reaction mixture, and the background phosphorylation. For steady-state kinetic measurements, product formation was linear with time and Ͻ5% substrate was converted to product.
Rapid Quench Flow Kinetic Assays-The phosphorylation of kdSrc was monitored using a KinTek Corporation quench flow apparatus model RGF-3 following a previously published procedure (16) . Rapid quench flow experiments were typically executed by loading equal volumes of Csk and MgCl 2 into one sample loop and kdSrc, [␥- 32 P]ATP (300 -700 cpm pmol Ϫ1 ), and MgCl 2 into the other loop in 100 mM MOPS, 100 mM KCl, pH 7. The reactions were quenched using 30% acetic acid, and phosphoproduct was separated from unreacted [ 32 P]ATP using the column separation assay. Control experiments were performed to determine the background phosphorylation (i.e. phosphorylation of substrate in the presence of quench) using previously published protocols (16) . The time-dependent concentration of phosphoproduct then was determined by considering the total counts per minute of the flowthough, the specific activity of the reaction mixture, and the background phosphorylation.
Stopped-flow Fluorescence Experiments-All of the transient-state fluorescence studies were performed using an Applied Photophysics stopped-flow spectrometer. In the trapping experiments, Csk and ADP were preequilibrated in one 2.5-ml syringe and then mixed in a 1:1 ratio with Mant-ADP in the second 2.5-ml syringe. In the association experiments, Csk in one 2.5-ml syringe was mixed with Mant-ATP in the second 2.5-ml syringe. All of the experiments were performed at 25°C in 100 mM MOPS, pH 7, 100 mM KCl in the presence of 10 mM free Mg 2ϩ in both syringes. Fluorescence changes were monitored using an excitation wavelength of 290 nm and a 410-nm cut-on filter fitted between the cell and the photomultiplier tube. For data analysis, the average of 5-15 individual traces was recorded and the data were fit to double exponential functions.
Analytical Ultracentrifugation Experiments-The analytical ultracentrifugation experiments were performed with a Beckman Optima XL-I instrument using an An60Ti rotor. Both Csk and kdSrc, dialyzed in 100 mM MOPS, pH 7, 100 mM KCl, 1 mM dithiothreitol were run at a concentration of 5 M. The mixture of Csk and kdSrc was run at equimolar concentrations of 5 M. Absorbance changes as a function of radial position were measured at a rotor speed of 20,000 at 25°C. Equilibrium was reached after 12 h at this rotor speed. The data were then analyzed using the Origin software package provided by Beckman. The program Sednterp (19) was used to calculate the partial specific volumes and solvent densities of both proteins based on their amino acid sequences.
Kinetic Data Analysis-The initial velocity versus substrate concentration data were fit to the Michaelis-Menten equation to obtain k cat and K m values for kdSrc. The production of phospho-kdSrc in the rapid quench flow experiments was fit to Equation 1,
where [P] is the concentration of phospho-kdSrc, ␣ is the amplitude of the "burst" phase, k b is the burst phase rate constant, L is the linear rate constant, and t is time.
RESULTS
Steady-state Kinetic Parameters-For the kinetic studies in this paper, a mutant form of Src (K295M) was used as a substrate for Csk rather than the wild-type enzyme. This protein substrate (kdSrc) possesses no catalytic activity and thus cannot undergo autophosphorylation at the C-terminal tyrosine (Tyr-527) (11) . The phosphorylation of kdSrc by Csk was monitored under steady-state reaction conditions by the addition of Csk (0.05 M) to a mixture of [ 32 P]ATP (0.5 mM), 10 mM free Mg 2ϩ , and varying amounts of kdSrc (1-10 M). These mixtures then were allowed to react for 1-3 min and quenched with acetic acid, and the phosphorylated product was separated from unreacted [ 32 P]ATP using the DE52 column assay. Quantitative recovery of phospho-kdSrc from this column was verified by a separate autoradiographic PAGE assay (data not shown). Plots of initial velocity versus total Src concentration provide a k cat of 0.2 Ϯ 0.05 s Ϫ1 and a K m of 5 Ϯ 1 M. Although the K m value is similar to previous literature reports using kdSrc, the k cat is ϳ4-fold lower (10, 11) . The latter difference may be because of the differences in buffer components, pH, salt, and temperature between these assays and those published elsewhere (10, 11).
Pre-steady-state Kinetic Experiments-To determine whether the phosphoryl transfer step limits net turnover of kdSrc (k cat ), pre-steady-state kinetic experiments were performed using rapid quench flow methods. In this experiment, Csk (4 M) was mixed with kdSrc (10 M) and [ . At discrete time intervals, the reaction was quenched with acetic acid and phospho-kdSrc was separated from unreacted [ 32 P]ATP using the DE52 column assay. As shown in Fig. 1A , the production of [ 32 P]kdSrc conforms to a biphasic kinetic pattern with a fast exponential (burst) phase followed by a slower linear phase. The data were fit to Equation 1 to obtain values of 16 Ϯ 2 s Ϫ1 , 2.0 Ϯ 0.1 M, and 0.32 Ϯ 0.04 M/s for k b , ␣, and L, respectively. The burst phase corresponds to the observed phosphoryl transfer rate constant, whereas the linear phase corresponds to the steady-state kinetic rate at 10 M kdSrc. The data imply that the phosphoryl transfer step is much faster than net turnover (k b Ͼ Ͼ k cat ) and thus is not the ratelimiting step in the reaction.
The amplitude of the burst phase in Fig. 1A represents only 50% total Csk concentration (␣ ϭ 2 M, [E] tot ϭ 4 M). This substoichiometric amplitude is probably due to a low kdSrc concentration rather than to large amounts of inactive Csk.
When the phosphoryl transfer step is fast (k b Ͼ Ͼ k cat ), the burst amplitude can be related to the total enzyme concentration ([E] tot ) by the following relationship: (20) . This relationship predicts that ␣ should correspond to 44% total enzyme concentration at 10 M kdSrc, a value in keeping with the experimental findings of 50%. To provide further support for this conclusion, pre-steady-state kinetic experiments were performed at lower kdSrc (5 M) and Csk (2 M) concentrations. Under K m concentrations of substrate, a burst amplitude of 26% was obtained (Fig. 1B) , a value in line with the predicted amplitude of 25% based on the above relationship. With these substrate concentrations, the burst rate constant is lower (k b ϭ 9 Ϯ 3 s Ϫ1 ) than the constant at 10 M kdSrc. Because of poor solubility, further pre-steady-state kinetic experiments above 10 M substrate could not be performed to obtain the true phosphoryl transfer rate constant and the K d for kdSrc and Csk.
Stopped-flow Trapping Experiments-To determine whether the release of ADP could participate in controlling the linear phase in Fig. 1 , dissociation studies were performed using Mant-ADP as a trapping reagent (21) (22) (23) (24) . In the stopped-flow instrument, a preequilibrated mixture of Csk (1 M) and ADP (150 M) was mixed with Mant-ADP (500 M in the mixing chamber) and fluorescence output above 410 nm was monitored. As shown in Fig. 2 , the displacement of ADP by Mant-ADP is accompanied by a large fluorescence increase best fit to a double exponential function with rate constants of 61 Ϯ 2 and 13 Ϯ 4 s Ϫ1 . No further fluorescence changes are observed from 0.3 to 10 s (Fig. 2, inset) . In control experiments, the omission of ADP led to no appreciable fluorescence change in the time frame of the trapping experiment (data not shown), indicating that the binding of Mant-ADP is fast on the stopped-flow time scale and does not limit the observed transient in Fig. 2 . Be- 2 An additional constraint on the K m expression was made based on the pre-steady-state kinetic and single turnover data. For Csk, the ratio of the net product release and the association rate constants is much lower than K m (i.e. k 4 /k 2 Ͻ Ͻ K m ) and can be omitted from the larger K m expression. Because k 4 is 0.2 sec Ϫ1 based on k cat and k 2 is a minimum of 0.9 M Ϫ1 sec Ϫ1 based on S ST (Fig. 5B) , k 4 /k 2 Յ 0.2 M and is at least 25-fold lower than K m (5 M). cause increasing the concentration of Mant-ADP from 500 to 800 M did not alter the time-dependent fluorescence changes (data not shown), the observed transient reflects the true dissociation rate constant for ADP. To ensure that the initial concentration of Csk⅐ADP in the syringe does not influence the observed trapping kinetics, the ADP concentration was halved (75 M) but no significant changes in the dissociation rate constant using 800 M Mant-ADP were detected (data not shown). The detection of two kinetic phases in the trapping kinetics is consistent with the presence of more than one binary E⅐ADP complex as observed previously for other protein kinases (16, 21) . However, both rates in the trapping experiments are much larger than Src turnover (0.2 s Ϫ1 ), implying that the net release of ADP does not control turnover (k cat ϭ 0.2 s Ϫ1 ). Catalytic Trapping Experiments-To provide further evidence that ADP release is fast relative to k cat , catalytic trapping experiments were performed. In these experiments, Csk was preequilibrated with ADP and then rapidly mixed with Src and excess ATP in the rapid quench flow instrument. If the release of ADP limits turnover (k off Ϸ k cat ), the burst phase amplitude will disappear (25) . In comparison, if the release of ADP is fast and does not limit turnover (k off Ͼ Ͼ k cat ), preequilibration with this product will not influence the burst phase. As shown in Fig. 3A , ADP preequilibration (300 M) prior to reaction initiation does not influence the burst amplitude for kdSrc phosphorylation relative to the control lacking ADP. The data in the absence of ADP are fit to Equation 1 to obtain k b , ␣, and L values of 10 Ϯ 1 s Ϫ1 , 0.56 Ϯ 0.10 M, and 0.20 Ϯ 0.03 M/s, respectively. The observed kinetics are insensitive to the total trap concentration, because increasing ATP from 1 to 1.5 mM at a constant ratio of ATP/ADP had no effect relative to the control experiment with no ADP (Fig. 3B) . Prior studies have shown that the K i for ADP is 30 M (26), so preequilibrated ADP concentrations of 300 and 450 M ought to be sufficient to ensure that most of the enzyme is initially complexed with the product prior to mixing with excess ATP. Taken together with the stopped-flow trapping results (Fig. 2) , ADP dissociates from the active site of Csk with a rate constant that greatly exceeds k cat .
Mant-ATP Association Kinetics-Because the pre-steadystate kinetic transients in Fig. 1 are initiated with ATP, we wondered whether the binding of this nucleotide could limit the rate of the burst phase. To address this issue, the association kinetics of Mant-ATP were monitored. We have shown previously that Mant-ATP binds with similar affinity as ATP in the presence of Mn 2ϩ , so this fluorescent analog probably represents a good surrogate for the natural nucleotide (27) . As shown in Fig. 4A , a large time-dependent increase in fluorescence was observed upon mixing of Csk (0.5 M) and Mant-ATP (5 M) in the stopped-flow instrument. The data are best fit to a double exponential function with rate constants of 103 Ϯ 7 and 25 Ϯ 5 s Ϫ1 . To determine the association rate constant, the kinetic transients were measured as a function of Mant-ATP. As shown in Fig. 4B , the rate of the fast phase increased as a function of Mant-ATP, whereas no observable changes in the rate of the slower phase were detected over this concentration range. The slope of the fast phase in Fig. 4B corresponds to the apparent association rate constant for Mant-ATP, a value of 3.1 M Ϫ1 sec Ϫ1 . If ATP possesses a similar association rate constant, we predict that the observed binding rate for ATP at 0.5 mM is over 1500 s Ϫ1 and therefore does not limit the burst phase rate in Fig. 1A (k b ϭ 16 s  Ϫ1 ). To provide further support for this conclusion, we performed pre-steady-state kinetic experiments under conditions where [ 32 P]ATP (0.5 mM) was preincubated either with Csk (2 M) or kdSrc (5 M) before reaction initiation. No differences in burst rate were detected in either experiment (data not shown), suggesting that ATP binding does not limit the burst kinetics.
Single Turnover Kinetic Experiments-To assess the role of protein-protein interactions in controlling the magnitude of the burst phase in Fig. 1 , the phosphorylation of kdSrc was measured under single turnover conditions where the total enzyme concentration exceeds that for the substrate. Under these constraints, the steady-state kinetic phase is avoided and the phosphoryl transfer step can be measured more directly (28) . As shown in Fig. 5A , Csk (5 M) was mixed with kdSrc (0.5 M) in the rapid quench flow instrument and the amount of kinetic transients conform to single exponential functions over a range of enzyme concentrations (29) , a condition satisfied in the present studies (Fig. 5A ). Fig. 5B shows a plot of the observed single turnover rate constant as a function of total Csk concentration. The data show no signs of hyperbolic behavior in this concentration range, suggesting that the K d for Csk and kdSrc greatly exceeds 20 M, the highest concentration of Csk accessible in these experiments. Fitting the data to a linear function provides a slope value (S ST ) of 0.9 Ϯ 0.1 M Ϫ1 sec Ϫ1 . Under these conditions, S ST corresponds to the apparent association constant for Csk and kdSrc, a value that exceeds k cat /K m (0.04 M Ϫ1 sec Ϫ1 ) by ϳ20-fold. Because S ST is close in value to k b /[Src] in Fig. 1 , the interaction of Csk and kdSrc plays an important role in governing the rate of the burst phase.
Equilibrium Sedimentation Experiments-To determine whether Csk and kdSrc can form a stable complex at K m values, we performed equilibrium sedimentation experiments on both free proteins and an equimolar mixture of Csk and kdSrc. As shown in Fig. 6, A and B , both Csk and kdSrc at 5 M sedimented as monomeric species as expected. The data can be fit to obtain molar masses of 50,500 for Csk and 59,800 for kdSrc. These values are in line with the predicted molecular weights based on sequence data. As shown in Fig.   6C , a mixture of equal amounts of Csk and kdSrc (5 M) results in a sedimentation curve that can be fit to a molar mass of 55,300, a value reflecting the average of both protein monomers. If both proteins form a stable complex, we anticipate an observed molecular weight of ϳ115,000. Such a complex would be expected to sediment according to the dotted curve in Fig. 6C . Sedimentation studies were also performed in the presence 50 M AMPPNP (Fig. 6D ). This sedimentation curve was fit to a molar mass of 54,300, indicating that this nucleotide did not assist in the formation of a stable complex at these concentrations. Similar results were also obtained with 50 M ADP (data not shown). These sedimentation studies are conducted free of a solid support compared with previous pull-down assays (11) and therefore provide a very sensitive measure of complex formation in solution. Overall, the data suggest that, under K m concentrations of both proteins, a stable complex does not appear to form at detectable levels.
DISCUSSION
The biomolecular interaction of Src family member nonreceptor protein tyrosine kinases with Csk is a regulatory event of fundamental importance in eukaryotic cells (30 -32) ing the kinetics of Src phosphorylation by Csk (10, 11), they have not extended past preliminary steady-state kinetic measurements of K m and k cat . Whereas these parameters are important for defining catalytic efficiency, they do not provide direct information on the mechanism of protein phosphorylation and substrate recognition (33) . For example, the K m values for peptide substrates measured in steady-state kinetic assays oftentimes do not correlate with the intrinsic affinity (K d ) of the kinase-substrate pair (34, 35) . These complexities diminish our ability to understand the molecular nature of substrate specificity within the protein kinase family. To overcome these problems, we employed fast-mixing kinetic procedures to Csk to isolate individual steps in the phosphorylation pathway of Src. From these individual steps, we can assemble a working model that defines how Csk interacts with Src proteins. Csk Active Site Is Optimized for Efficient Phosphoryl Transfer-The application of fast-mixing methods to protein kinases one decade ago has allowed investigations into the role of the phosphoryl transfer step in controlling substrate processing in this important enzyme family (33) . Original rapid quench flow experiments performed on cAMP-dependent protein kinase using a short peptide substrate (Kemptide, LRRASLG) revealed that the phosphoryl transfer step is ϳ20-fold faster than overall turnover (20) , a parameter limited by ADP release (25) . Since these findings, a looming question in the kinase field has centered on what factors control turnover using full-length physiological protein substrates. Recently, we showed that the phosphoryl transfer step in the yeast Sky1p is fast relative to turnover of its natural protein substrate Npl3 (16) . Whether this mechanism is applicable to protein kinases and their protein substrates in mammalian systems is not yet clear. In a recent study, it has been shown that a truncated version of the transcription factor, MEF2A, is phosphorylated by ERK2 using a kinetic mechanism where the phosphoryl transfer step is partially rate-limiting (36) , suggesting that the chemical step has some control on k cat . In comparison to these findings, we found that the phosphoryl transfer step in Csk is considerably faster than k cat (Fig. 1) . Although it is not possible to saturate Csk with kdSrc to obtain an absolute value (Fig. 4) , a lower limit of 20 s Ϫ1 can be placed on the phosphoryl transfer rate constant, a value that is ϳ100-fold larger than k cat . Thus, the active site of Csk is optimally organized for rapid phosphorylation of the C terminus of Src. Later, we will address the role of this fast chemical step for the recognition of kdSrc.
Src Phosphorylation Is Not Limited by ADP Release-Although slow ADP release appears to limit substrate phosphorylation in many protein kinases (16, 20, 24, 34, (37) (38) (39) , the trapping studies presented here are not consistent with such an event limiting Src phosphorylation (Figs. 2 and 3 ). These findings now raise an important question concerning the regulation of Src by Csk. If the phosphoryl transfer and ADP dissociation steps are fast, what controls turnover? Given the poor binding properties of Csk and kdSrc (Figs. 5 and 6), we cannot design a trapping experiment to measure directly a dissociation rate constant. However, if we assume that the proteins bind in a simple one-step reaction and that phosphorylation does not significantly affect protein affinity, an assumption that has some precedence (40), the dissociation rate constant for phospho-kdSrc can be estimated. Using a lower limit of 20 M for the K d and the apparent association rate constant for Csk and kdSrc (S ST ϭ 0.9 M Ϫ1 sec Ϫ1 ; see Fig. 5B ), the dissociation rate constant for the two proteins should be in excess of 18 s Ϫ1 , a value much greater than k cat (0.2 s Ϫ1 ). However, achieving a stable enzyme-substrate or enzyme-product complex may require more than a simple bimolecular encounter. It is conceivable that one or more slow structural changes could be involved in protein binding, thereby limiting turnover. Given these considerations, we suggest that a conformational change unassociated with the phosphoryl transfer and ADP release steps is likely to play a significant role in limiting turnover.
Phosphoryl Transfer
Step Controls Src Recognition-The present data indicate that Csk interacts very weakly with kdSrc yet somehow displays a low K m for this protein substrate (
By what mechanism does Csk convert a weak thermodynamic interaction into a low favorable K m ? To answer this question, it is important to understand the physical and chemical events in the active site of the enzyme. The phosphorylation of kdSrc can be depicted using the simple kinetic pathway in Scheme 1 where k 2 and k Ϫ2 are the association and dissociation rate constants for kdSrc, k 3 and k Ϫ3 are the forward and reverse rate constants for the phosphoryl transfer step, and k 4 is the net dissociation rate constant of both products (ADP and phospho-kdSrc) and any associated conformational changes. We have shown previously that the K m equation for this pathway is rather complex but can be greatly simplified because of two primary experimental observations. First, the presence of a large burst rate constant and amplitude ( Fig. 1) implies that the phosphoryl transfer step is fast and favorable (k 4 Ͻ k 3 Ͼ k Ϫ3 ) (16, 20) . Second, since the apparent association rate constant for kdSrc (S ST ) is much larger than k cat /K m (Fig. 4B) , the rate of the reverse phosphoryl transfer step (i.e.ADP phosphorylation) must be fast relative to turnover (k Ϫ3 Ͼ k 4 ) (16) . Under these conditions (k 3 Ͼ k Ϫ3 Ͼ k 4 ), the K m for kdSrc can be related to K d by the internal equilibrium constant for the phosphoryl transfer step (K int ϭ k 3 /k Ϫ3 ) as shown in Equation 2.
A value of 20 for K int has been determined for Csk using the Haldane relationship (41), a number similar to that found for other tyrosine kinases (42, 43) . Using this K int and Equation 2, the K d for Csk and kdSrc is ϳ100 M, a value consistent with our lower limit from single turnover data (Fig. 5B) and the inability to measure a stable enzyme-substrate complex in equilibrium sedimentation studies (Fig. 6) . Overall, the data indicate that the K m for kdSrc is ϳ20-fold lower than the K d because of a fast and highly favorable phosphoryl transfer step.
CONCLUSIONS
Using fast-mixing methods, we demonstrated that the phosphorylation of kdSrc follows a unique mechanism where both the phosphoryl transfer and ADP release steps are fast and do not limit turnover. Instead, slow conformational changes are likely to control overall turnover. Whereas the kinetic studies cannot inform us on the nature of these changes, both crystallographic and solution studies show that Csk can adopt multiple conformations that could be linked with the dynamics of substrate turnover (6, 27, 44) . Perhaps most interesting in this mechanism is the unusual binding affinity observed for the Csk⅐kdSrc complex. As depicted in Fig. 7 , the interaction of Csk and kdSrc is surprisingly weak (K d Ϸ 100 M) with the complex exhibiting a high relative free energy under K m concentrations of substrate. Despite the difficulties in forming a stable complex, Csk effectively recognizes kdSrc (K m ϭ 5 M) by recruiting a highly efficient chemical step (chemical clamping step) that lowers K m relative to K d in accordance with the internal thermodynamics of the phosphoryl transfer reaction [⌬G B ]. Whereas the data collected over the last decade show that phosphoryl transfer in most protein kinases does not limit substrate turnover (33) , the functional value of such a fast step has not been established. The data now show that this fast step can impact substrate recognition by facilitating phosphoprotein formation.
